Murine leukemia viruses harboring an internal ribosome entry site (IRES)-directed translational cassette are able to replicate, but undergo loss of heterologous sequences upon continued passage. While complete loss of heterologous sequences is favored when these are¯anked by a direct repeat, deletion mutants with junction sites within the heterologous cassette may also be retrieved, in particular from vectors without¯anking repeats. Such deletion mutants were here used to investigate determinants of reverse transcriptase-mediated non-homologous recombination. Based upon previous structural analysis the individual recombination sites within the IRES could be assigned to either base-paired or unpaired regions of RNA. This assignment showed a signi®cant bias (P = 0.000082) towards recombination within unpaired regions of the IRES. We propose that the events observed in this in vivo system result from template switching during ®rst-strand cDNA synthesis and that the choice of acceptor sites for non-homologous recombination are guided by non-paired regions. Our results may have implications for recombination events taking place within structured regions of retroviral RNA genomes, especially in the absence of longer stretches of sequence similarity.
INTRODUCTION
Template switching during reverse transcription contributes to genetic recombination in retroviruses (1, 2) . Although recombination may also take place during plus-strand synthesis, recombination by template switching during minus-strand synthesis is probably more frequent and has been intensively studied (3) . By intermolecular template-switching reverse transcriptase (RT) switches between the two complete RNA genomes that are co-packaged in a retroviral particle (4) . Template switching can also take place intramolecularly between two positions on the same RNA (5) . Analysis of the requirements for RT template switching in vitro and in vivo has revealed that sequence similarity at the donor and acceptor site greatly facilitates recombination (6, 7) . However, nonhomologous recombination events between sites without any sequence identity occur at low frequencies (7) .
The original forced copy-choice model proposed that recombination occurs when RT encounters a break in the RNA template during minus-strand synthesis (8) . This model has been extended to include events not dependent upon template RNA breakage. In a further development it was recently shown that the RT-associated RNase H activity plays a critical role for minus-strand recombination in vivo. This dynamic copy choice model (9) states that the balance between the rate of DNA polymerization and the rate of RNA template degradation behind the RT determines the amount of nascent DNA that is free to pair with an acceptor template.
Features of the donor site such as secondary structures have been found to in¯uence the rate of template switching (10±13). Such structures have also recently been reported to play a role at the acceptor site (7, 14, 15) . In the present work, we used a heterologous sequence including the encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) element as a target sequence for deletions in an in vivo assay. This IRES element was ®rst described as mediating internal ribosome entry on polycistronic RNA of the EMCV (16) . The structure has been extensively characterized (17, 18) and correct folding of the RNA in a heterologous context can furthermore be judged by the ability of the element to direct translation of a reporter protein such as the enhanced green¯uorescence protein (EGFP).
By using a heterologous cassette inserted into a complete viral genome the selective pressure upon the resultant vector is reduced to the gain in replication ®tness acquired by deletions in the insert. Moreover, since there is no positive selection for regeneration of speci®c sequences all deletions can be assumed to result in replication competence, at least as long as they are con®ned to the heterologous cassette.
Some deletions will result in complete loss, others in only partial loss of the cassette. In this report we look only at the latter type with one or both deletion site junctions within an IRES-EGFP cassette containing internal direct repeats of a maximum of 9 nt. We note that the deletion site junctions lack sequence similarity, and, looking only at junctions within the IRES, we ®nd a signi®cant bias towards sites predicted to be in non-paired regions of the IRES RNA.
MATERIALS AND METHODS

Plasmids
The plasmid-cloned replication-competent vectors are AkvU3-EGFP, AkvSL33U3-EGFP and AkvEn-EGFP. AkvU3-EGFP has been described previously (19) . It harbors an IRES-EGFP insert in the Cel II site of the 3¢ long terminal repeat (LTR) of the Akv virus. The linker (20) between the 3¢ end of the EMCV IRES element and the start of the EGFP gene in AkvU3-EGFP ensures~10-fold higher translation of the EGFP gene as compared to other linkers (21, 22) .
The AkvSL33U3-EGFP will be described elsewhere (M. L. Carrasco, M. Duch and F.S. Pedersen, submitted for publication). In short, it was constructed by replacing the 3¢ LTR of AkvU3-EGFP downstream of the IRES-EGFP insert with a polymerase chain reaction (PCR) ampli®ed fragment of the corresponding sequence from SL3-3 (23) . The primers located in the 5¢ end of the LTR were designed to delete the 3¢ Cel II site¯anking the insert in AkvU3-EGFP. The resulting AkvSL33U3-EGFP construct has the following sequence with no direct repeat¯anking the insert: 5¢-GCTTAGC-TGCAGATGCATGGCCCATGCGGCCGC-IRES-EGFP-CAG-CTAACT-3¢. Underlined nucleotides are derived from the LTR whereas letters in italics denote the heterologous polylinker insert.
The AkvEn-EGFP construct (24) was derived from pAkv (21) where the IRES-EGFP cassette has been inserted 3 nt after the termination codon of the envelope gene followed by a duplicated sequence of the C-terminal region of the envelope gene upstream of the polypurine tract (PPT) resulting in a repeated structure¯anking the insert. In the coding sequence for the C-terminal part of the envelope gene a CGT codon was exchanged to another arginine codon CGG in the C-terminal part of the envelope gene. The T and the G residues are shown in bold in Figure 1A .
Cell culture, transfection and transductions NIH3T3 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) containing Glutamax-1 (Gibco BRL) supplemented with 10% newborn calf serum (NCS) (Life Technologies, Inc.), 1 unit of penicillin and 1 mg of streptomycin per 1 ml of ®nal medium. BOSC 23 cells were grown as described for NIH3T3 cells except that NCS was exchanged with fetal calf serum (FCS). Prior to usage, the BOSC 23 cells were selected in HAT medium as described (21) . For generation of replication-competent viruses, BOSC 23 cells were seeded at a density of 7 Q 10 4 cells/cm 2 1 day prior to transfection. The cells were transfected with 10 mg of plasmid DNA by the calcium phosphate method without a glycerol shock as described (25) . One day post-transfection the medium was renewed on the BOSC 23 cells and fresh NIH3T3 cells were seeded in 75 cm 2¯a sks at a density of 5 Q 10 3 cells/cm 2 . Two days post-transfection undiluted viruscontaining medium was transferred from the BOSC 23 cells to the NIH3T3 cells, supplemented with 6 mg/ml Polybrene (Aldrich Chemical Co. Inc.) and cultured for 1 day. Twentyfour hours post-infection the medium was exchanged with fresh medium containing 2 mg/ml Polybrene and the cultures were passaged for 1 week. For consecutive rounds of infection (two to six), the same scheme was followed (Fig. 1B) .
DNA isolation, PCR ampli®cation and subcloning DNA was isolated using the DNAzol genomic DNA isolation reagent according to the manufacturer's protocol (Molecular Research Center, Inc.). DNA fragments containing deletion mutants were ampli®ed using standard PCR techniques. In brief, PCR ampli®cation was performed in 100 ml reactions containing 1 mg of puri®ed DNA, 25 pmol of each primer, 0.2 mM dNTPs and 2.5 units of AmpliTaq Gold DNA polymerase (Perkin-Elmer Cetus). After an initial activation step of 10 min at 94°C, the reaction was followed by 40 cycles of 1.2 min at 94°C, 1.2 min at 60°C and 3 min at 72°C. The reaction was terminated with a ®nal incubation of 7 min at 72°C. The oligonucleotides used as primers are indicated in Figure 2A and are as follows: 1, 5¢-CAACAAGGGTGGT-TTGAAGGGCTGTTTAA-3¢; 2, 5¢-GAATTCGATATCGA-TCCCCGGTCATCTGGG-3¢; 3, 5¢-GATCGCTTAGCTGC-AGATGCATGGCCCATGCGGCCGCCCCCTAAC-3¢; and 4, 5¢-AGACCTGGATCCCGCTTTACTTGTACAGCTCG-TCCATGC-3¢. The PCR products were electrophoresed on agarose gels and bands migrating between the products ampli®ed from a non-reverted replication-competent vector and a complete revertant, were isolated using a GFX puri®cation kit (Amersham Pharmacia Biotech Inc.) according to instructions from the manufacturer. The resulting products were cloned in pGEM-Teasy vector (Promega) for subsequent sequencing. Bacterial clones were screened by PCR using the same primers as used in the initial PCR ampli®cation of the deletion mutants from the genomic DNA and positive clones picked for mini-preparation and sequence analysis of plasmid DNA. Primers used for sequencing were located in the pGEMTeasy vector outside the cloning site, either 5¢-GTTTTCCCAGTCACG-3¢ or 5¢-CAGGAAACAGCTATG-3¢. The sequencing reaction was performed using the Thermo Sequenase II dye terminator cycle sequencing kit (Amersham Pharmacia Biotech Inc.) and Applied Biosystems 373A DNA sequencer.
RESULTS
Replication-competent retroviruses with IRES sequence
We used three replication-competent murine leukemia viruses (MLV) where an IRES-EGFP cassette was inserted into either Akv or a chimera of Akv and SL3-3 viruses (19,24 and M. L. Carrasco, M. Duch and F. S. Pedersen, submitted for publication). Two insertion sites were used, one was located between the envelope gene and the PPT resulting in only one copy of the IRES-EGFP element at both RNA and DNA level. This construct (AkvEn-EGFP) was based upon the Akv virus where the IRES-EGFP element was¯anked by a 38 out of 39 nt direct repeat due to duplication of sequences upstream of the PPT (see Fig. 1A ).
The second site used for insertion was situated 20 nt 3¢ of the start of the U3 region in the downstream LTR. Being located at this position, the IRES-EGFP cassette will be copied to both the upstream and the downstream LTR during reverse transcription of the genomic RNA to double-stranded DNA. Only the IRES-EGFP cassette placed in the downstream LTR will be transcribed into viral RNA and thereby participate in further cycles of reverse transcription. In these two constructs where the IRES-EGFP element was inserted into the LTR, the Cel II site located in the upstream part of the U3 region was used. The ®rst construct, AkvSL33U3-EGFP, was based upon a chimeric virus where the LTR of the Akv virus was exchanged with the LTR of the SL3-3 virus. This construct contained no direct repeat¯anking the IRES-EGFP element. In the second construct, AkvU3-EGFP, the insert was¯anked by a duplicated Cel II site giving rise to a perfect direct repeat of 8 out of 8 nt residing within an imperfect direct repeat of 13 out of 14 nt¯anking the IRES-EGFP element (Fig. 1A) .
Experimental procedure
In separate work we have analyzed the genomic stability of replication-competent vectors during repeated passages in cell culture (21, 24) . In those studies, BOSC 23 packaging cells were transiently transfected with a replication-competent vector construct and undiluted media transferred to NIH3T3 cells 48 h post-transfection. These infected NIH3T3 cells were passaged for 1 week, whereafter undiluted supernatant was transferred to fresh NIH3T3 cells for a second round of (Fig. 1B) . Following this experimental procedure, revertants started to appear between rounds two and ®ve as analyzed by northern blotting (21, 24) . Each round of transfer of fresh NIH3T3 cells probably represents several rounds of viral infection events as only~40% of cells were infected 48 h post-transduction, whereas after 1 week more than 99% of the cells in the population were infected, as analyzed for EGFP expression by¯uorescence microscopy.
In the present study, we were interested only in those recombination events which had resulted in deletions with one or both junctions located within the heterologous cassette. According to this criterion, the analysis does not include mutants where the complete transgene cassette is lost.
For the AkvU3-EGFP and AkvEn-EGFP vectors the vast majority of such complete cassette deletions are driven by thē anking direct repeats (24) . For optimal detection of partial cassette deletions, DNA from infection rounds four to six was analyzed by PCR ampli®cation using the oligonucleotide primers ( Fig. 2A) in various combinations. One example of such a PCR ampli®cation of DNA from round four to six for AkvU3-EGFP is shown in Figure 2A . Using primers located outside the insert (primers 1 and 2), complete reversion to wild type could be detected for all three constructs, as veri®ed by PCR ampli®cation and sequencing (24) .
Mapping sites of recombination
This population of bands, as exempli®ed by the boxed areas in Figure 2B , was isolated, subcloned and sequenced. In several cases the same deletion mutant was isolated more than once from different rounds of the same culture, sometimes from all three rounds, most likely resulting from a single primary deletion event and counted as such in this analysis. Notably, none of the junctions arising from deletions within the IRES-EGFP cassette were independently isolated from the three different viral constructs used. Figure 3 is a graphical representation of all the deletion sites. Some of the deletion sites identi®ed in this set-up reach into the retroviral sequences of the vector as shown in Figure 3 , which also depicts critical cis elements for viral replication next to the insert. These are the PPT and integration site signals at the upstream U3 border located 3¢ to the heterologous cassette in AkvEn-EGFP and 5¢ to the cassette in AkvSL33U3-EGFP and AkvU3-EGFP. We note that deletion junctions found for AkvEn-EGFP extend into viral sequences at the 5¢ site but do not extend beyond the cis restriction at the 3¢ site. For the AkvSL33U3-EGFP construct, deletion sites do not map beyond the cis restriction at the 5¢ end of the LTR, whereas the 3¢ deletion junctions extend~200 nt into the U3 sequences where no critical cis elements are located. The few non-complete junction site revertants that were retrieved from the vast majority of complete revertants from the AkvU3-EGFP construct, conform to the same patterns. Altogether, the distribution of deletion borders, as depicted in Figure 3 , suggests that the maintenance of viral cis elements is crucial, making it unlikely that the observed pattern is caused by artefacts generated during the post-replication steps (PCR, subcloning and sequencing).
Analysis of sequence similarity at the deletion site
In order to determine if any correlation between RNA primary or secondary structure and deletion junction site distribution existed, only clones where one of the deletion site junctions was located within the IRES element were used for further analysis. Solely 5¢ recombination sites were recovered from the IRES element.
Depicted in Figure 4 are 10 nt of the upstream and downstream deletion site junctions. The sequences were analyzed for direct repeats at the junction sites potentially used for homologous recombination as well as additional inserts of nucleotides at the deletion site. For each recombinant viral vector, the size of the deleted sequence is given in nucleotides, ranging from 612 to 1374 nt. The lack of smaller deletions may relate to the selective forces operating during selection for replication ®tness as well as to the gel excision procedure. Again, all revertants resulting in complete loss of the heterologous cassette were excluded from the analysis. Inspection of Figure 4 reveals that the deletion site junctions harbor no or only short repeats. This indicates that sequence similarity is not the major determinant of deletion site selection in this set-up.
Correlation between recombination site distribution and RNA secondary structure
The IRES element from EMCV has been extensively characterized (16) and the secondary structure given in Figure 5 was unravelled by Pilipenko et al. (17) and Jang and Wimmer (18) . The deletion junction sites were depicted on this RNA structure to assess a possible correlation between RNA structure and recombination site distribution. Also shown are the cases of sequence identity at the recombination site identi®ed in Figure 4 . For the accumulated data set of all constructs we note a clustering of deletion site junctions in the same unpaired region in the beginning of the IRES element, position 50±57 in Figure 5 .
The IRES structure was divided into paired or unpaired nucleotides giving a total of 334 paired as compared to 224 unpaired nucleotides, i.e. 40% unpaired nucleotides (Fig. 5 and Tables 1 and 2 ). From the experimental data set only recombination events occurring exclusively in either an unpaired or paired region were used to determine the distribution of recombination sites. From a total of 39 recombination events (Fig. 4) , 34 could conclusively be ascribed to either an unpaired or a paired region of the IRES element (Fig. 5) . Of these 34, 25 had occurred in an unpaired region and nine had occurred in a paired region. The accumulated likelihood of observing 25 or more events of recombination involving unpaired regions as acceptor out of a total of 34 events is 0.0082%, as evaluated in a binomial distribution with a probability parameter of 40% for unpaired events (Tables 1 and 2 ).
DISCUSSION
We have used deletions within a heterologous sequence cassette in a replication-competent vector to study features of a template that favors retroviral recombination. In this set-up, it may be assumed that the increased replication ®tness associated with deletion of non-viral sequences is the sole force driving the increased prevalence of deletion mutants upon multiple passages. The presence of a repeat¯anking the insert will facilitate complete deletion of the heterologous cassette. We may also assume that all deletions within the heterologous insert will be compatible with continued replication; however, it is not unlikely that individual parts of the insert may affect replication ®tness differently. In compliance with the expected continued replication of deletion mutants we have many examples of repeated isolation of the same mutant at different passages, some deletion mutants were even isolated from all three passages analyzed. It cannot be excluded that some of the deletion mutants retrieved result from consecutive deletion events rather than a single event. However, we have observed no case of two or more separate deletions within the same isolate.
In two of the vectors used, a direct repeat sequence¯anks the heterologous insert (see Fig. 1A ). Such repeats favor the perfect excision of the insert by homologous recombination and result in the regeneration of replication-competent viruses without insert. In spite of this favored process of complete excision in these vectors, a small number of deletions using other sites with little sequence identity at the deletion borders may be retrieved (Fig. 4) .
We note that the repeated isolation of mutants with exactly the same deletion junctions from different passages argues that the number of incomplete cassette deletion mutants within a given pool is limited. On the other hand, the fact that the junctions retrieved from separate experiments are different argues in favor of a large number of potential deletion junctions.
Looking at 10 nt on either site of the deletions in the analysis (Fig. 4) , we do not observe a clear pattern of direct and inverted repeats at the junctions. This indicates that a majority of the deletions result from non-homologous recombination events. Most of the events resulted in a perfect junction, but in two out of the 40 cases analyzed 1 or 2 nt had been inserted at the junction, presumably by non-templated Figure 5 . Schematic representation of the upstream deletion site junctions in the RNA secondary structure of the EMCV IRES element. The model is based upon the published secondary structure (17, 18) . The brown lines represent data from Logg et al. (28) while the remaining three colors represent the various constructs used in the present work. The length of the lines indicate that the recombination has occurred somewhere between these nucleotides. The length varies due to the different size of direct repeat at the recombination site. The two deletion events involving extra nucleotides (Fig. 4) have been depicted as if there were no extra nucleotides. Letters in roman and nucleotides in pink represent stretches of sequence homology b8 internal in the IRES-EGFP insert described in Figure 6 . nucleotide addition (26, 27) . We looked for candidate target sequences for homologous recombination to further assess the lack of sequence identity at the retrieved junction sites. Scanning in windows of 8 nt (Fig. 6 ) revealed stretches of sequence identity of up to only 9 nt, i.e. below the sequence identity windows of 14 nt or more found to be critical for homologous recombination in a previous study (7) . The numbers in roman letters at the identity stretches correspond to the sequences given in Figure 5 . We note that none of these putative homologous recombination events are identi®ed in the present screens, even though they would result in deletions within the observed size ranges.
Using the published structure of a functional EMCV IRES element we can localize deletion site junctions on a pattern of paired and unpaired regions (Fig. 5 ). This analysis results in a highly signi®cant bias for unpaired regions. We should stress that this overall pattern is found using three vectors harboring an EGFP cassette and that the preferred acceptor sites are found combined with different donor sites. Our study indicates that secondary structure may have a higher in¯uence than sequence identity at or below 8±9 nt. It is therefore a possibility that molecular interactions not involving basepairing may play an important role. A straightforward model of structure-determined acceptor template use proposes that unpaired regions provide better accessibility for the priming complex of RT and DNA. As an alternative possibility, the acceptor function may be facilitated by selective cleavage of non-paired RNA within the viral particle or nucleoprotein complex (2).
Logg et al. (28) have reported on deletion junction sites involving an EMCV IRES cassette isolated from a replicationcompetent MLV vector of a slightly different design. Among the six recombination events with a 5¢ deletion junction site within the IRES sequence described by Logg et al. (28) , four are in unpaired regions, one event in a paired region and one event could not be conclusively ascribed to either paired or unpaired regions as depicted in Figure 5 . Combining this data set with ours gives a bias for unpaired regions with a P-value of 0.0015%. We note that there seems to be a preference for the 5¢ unpaired region as one of the recombination partners. Whether this re¯ects a speci®c preference for this particular unpaired region or if it re¯ects generation of the largest deletion of the heterologous insert we cannot determine by the present experimental approach.
Although structural studies of retroviral RNAs have focused upon the 5¢ leader region, the complete retroviral RNA and not only the leader sequence may be highly structured in the dimer (29) . In our study the heterologous RNA may be exempt from participating in this overall dimer structure and be accessible on the basis of its own secondary structure. The fact that the IRES element functions to direct marker protein expression within the retroviral RNA context provides support that it has retained its structure, when functioning as mRNA. Within the nucleoprotein complex where reverse transcription takes place, the viral RNA is coated with nucleocapsid (NC) protein, believed to act as a chaperone by lowering the activation energy for transition between structural conformations. Another feature of the NC protein is to assist the integrase in recognizing and processing the integration signals at the termini of the unintegrated double-stranded DNA. How the RNA structure of the IRES element interacts with the NC protein and whether this will have any effect on the single, quite stable secondary structure of this RNA remain uncertain.
Studies of recombination within retroviral sequences have identi®ed cases where recombination frequencies are determined by a combination of structural features and sequence homologies. Such work has focused upon template shifts between homologous stem±loop structures such as the proposed kissing-loop dimerization structure within the leader region of MLV (30) and the TAR structure near the 5¢ end of the human immunode®ciency virus RNA (31) . In these cases of recombination between identical or closely related a The EMCV IRES structure has been partitioned into either paired or unpaired nucleotides (Fig. 5) . b The number of deletion site junctions in the IRES element that can be conclusively ascribed to either an unpaired or a paired region of the structure. Data are from Figure 5 , except that the data taken from Logg et al. (28) are excluded. Some recombination events cannot be con®ned to either an unpaired or paired region [events 34 and 28 (blue), and events 08, 20 and 47 (red)] in Figure 5 ; these have been omitted from the statistical analysis. sequences it could not be concluded if the determining structural features reside within the donor or acceptor sequence or in an overall dimeric structure. However, using an human immunode®ciency virus (HIV-1) derived in vitro homologous recombination system, Moumen et al. (15) recently acquired evidence that secondary structure at the acceptor was the determining factor for template switching. This feature applied under conditions both with and without added NC protein. Interestingly, this work mapped the preferred acceptor sites to hairpin structures, but, due to the sequence identity stretches at donor and acceptor templates, exact switch positions could not be de®ned. In our case, however, looking at non-homologous recombination, it was possible to assign transfer events more precisely to a single or a few nucleotides. By such analysis we found a statistically signi®cant preference for unpaired versus paired acceptor nucleotides, i.e. the loop or bulge parts of the stem±loop structures. Although it is intriguing to compare the in vitro results from Moumen et al. (15) on homologous recombination with our in vivo data on non-homologous recombination, further work will be required to assess if structural determinants are the same for the two types of events. Further studies will have to reveal if such structural determinants also play major roles in the recombination between natural retroviral sequences and therefore are important in processes that generate genetic diversity of retroviruses. 
